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ABSTRACT

The titanium alloy Ti-6Al1-4V has a very low yield strength (LYS) when
water quenched from 850 C. This LYS is often attributed to the deformation-
induced transformation of retained beta to martensite. This report gives
evidence that it is not accurate to postulate a TRIP (transformation-induced
plasticity) type of mechanism to explain the LYS in the 6-4 alloy.
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INTRODUCTION

The low yield strength (LYS) of specimens of Ti-0A1-4V (6-4) water quenched
from 850 C has long been known! (sec Figure 1). The correlation of this LYS with
high tensile ductility and increased fracturc toughness was also demonstrated.

In general, this LYS has been attributed to the deformation-induced transformation

_(DIT) of the retained beta to martensite. The purposc of this paper is to present

evidence which suggests that it is not necessary or probably accurate to postulate
a TRIP (transformation-induced plasticity) type of mechanism in order to explain
the LYS or even the entire yield strength versus solution temperature curve shown
in Figure 1; nor is it nccessary to invoke the presence of orthorhombic martensite
(o") to explain the yield strength response. As will be shown later, the presence
of a' would not be expected to have any great influence on the strength of the

6-4 alloy in either the ST (solution trecated) or STA (solution treated and aged)
conditions for normal temperatures of heat treatment,

RETAINED BETA

In a recent report,? the equilibrium composition of the beta phase for spec-
imens of 6-4 solution treated at 850 C was determined to be approximately 8 weight
percent (w/o) vanadium and 4.5 w/o aluminum., This then is the composition of the
beta phase which exhibits the marked LYS in 6-4., A small arc-melted button of

160

Ti-6AI4V

150

0.2% Yield Strength

Figure 1. Yield stress versus solution temperature
in the Ti-6Al-4V alloy.
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1. SHERMAN, R. G.. and KLSSLLR, tL D, Investgation « f the Heat Treatahlity of the 67 Aluminum 477 % anadmm Trannon-
Base Allov, Trans, ASM, v, 48, 1956, p, 657.
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Army Materials and Mechantes Researeh Center, AMMRC TR 73-44, October 1972,
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this alloy was forged and homogenized. Only hexagonul-close-packed (hep) ulpha
was observed by \-ray diffraction and light microsceopy (Figure 2) indicating that
this was hep martensite (a'). No evidence of retaincd teta was found which, for

the X-ray technique ecmpioved, indicated the presence of less than 3 volume per-
cent retained beta,

Comerford et al.,3 on the same heat of material as in Reference 2, also
found no evidence for retained beta in 6-4 specimens quenched from 850 C. These
investigators employed a diffracted beam monochromator and estimated the limit
of resolution to be at least 0.5 volume percent. We are not awarc of any X-rav
diffraction work indicating the presence of retained beta in specimens of 6-4
solution treated and quenched from 850 C.

More recently, Modin and Modin," using a JEOL I Me\ clectron microscope,
found no evidence of retained beta in specimens of 6-4 which had been isothermally
transformed at 850 C and quenched to room temperaturc. These ssme investigators
found no evidence of retained beta in specimens isothermally transformed at 750 C
and conclude that all of the beta transformed to alpha lcaving no beta nuclei.
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Figure 2. E. t of specimen tinckness on the microstructure of th» Ti 8V 4.5Al Moy
quenched from above the beta transus, Mag. 200X
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Presumably the nucleation of beta was slow at this temperature. At equilibrium,
of course, the beta phase is observed in specimens of 6-1 solution treated at
750 C.3
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In summary, therefore, there scems to be no direct evidence for the presence L
of rctained beta in 0-4 specimens quenched from 850 C. The martensite that does
form is heaagonal closce packed.

o)

EFFECT OF COOL.ING RATE

P

A thick (approximately 1/4") and a thin (0.030 to 0.040") specimen of the
alloy 8V-4.5A1 (8-4.5) werc solution treated above the beta transus and ice brine
quenched (Figure 2). The hardness of the thin specimen was found to be 4 R, units
lower than the thick specimen. Since there is no reason to believe that a faster
quenching rate should affect the amount of retained beta (in fact, no retained
beta was observed in either specimen by X-ray diffraction), the higher hardness

i
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! in the thick specimen must be due to the very rapid decomposition of the martens-
£ itic a' during the somewhat slower quenching rate in the thicker specimen.

L |

i Similar effects are observed in the 6-4 alloy. Bulk disk test specimens and
< fine powders were both solution treated at 920 C and rapidly cooled. The as-

A quenched hardness values of the powder were much lower than for the bulk speci-

mens. In both cases a very short aging time (less than 5 minutes at 538 C)
increased the hardness of both samples to approximately the same hardness value.
The rapid destruction of LYS by aging, therefore, cannot be due to the much slower
diffusion controlled decomposition or alloy enrichment of the retained beta.
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i? ORTHORHOMBIC (") MARTENSITE
§j Along with the DIT mechanism for the LYS, it is often inferred that the
o presence of o' is somchow necessary to explain the strengthening response of 6-4

as a function of solution temperature (Figure 1). It is our contention that o'
contributes little to the strengthening of 6-4 in the ST and STA conditions for

gy

P

(Lt

.gg normal heat treatment sequences.
;3{ Based on extensive observations by Williams and co-workers,® Middleton and ﬁ
B Hickey? for transage 129, and the present authors on Ti-Nb alloys, o' is formed g
both athermally for certain alloy compositions and by mechaniczi deformation for g
1

other compositions sufficient to just stabilize the beta phase. It would be a"
which would presumably form by DIT in the 6-4 alloy quenched from 850 C. That
o' is not actually observed by X-ray diffraction is readily rationalized because
so little o' forms and is masked by cold work broadening effects,
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We have observed that a 15V-2A1 (15-2) titanium alloy transforms predomi-
nantly to u" when quenched from the beta region. The 15-2 alloy is the composi-
tion of the beta phase in a 6-4 alioy which has been quenched from betwcen 700

o 3 6. WILLEMS, ), . Cnncal Revtew Rueties and Phase ransformations, Titsmum Saence and Tedhnalogy , ed. by R 1 Satfee
e and H. ). Burte, Plepum Press, New York, 1972, p. 1433,

} 7. MIDDLUTON, RO Mo and BICKEY, C. F. Je Tranvtormation Characteristies of Tt Transage 129, Presented at the Spn

- Mecting AP MU i Paresburgh, Penansylvania, May 20-23, 1974,
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to 750 C. These temperatures are well below the LYS range in the 6-4 alloy.
Upen rcheating, it was observed by resistance measurciaents that the o' in the 15-2

- alloy began to revert to the beta phase at about 265 €. The reversion of o is

%3 accompaniod by a drop in resistance which has been well documented in the Ti-Nb

“l system by the present authors.* The reversion of the o' in the 15-2 alloy is

?2 confirmed not only by X-ray diffraction but also very graphically by the two light 3
bt micrographs in Figure 3. The predominant phase in the reverted structure (Fig-

¥ ure 3b) is beta with only natches of martensite iz :ome of the grains. Since 6-4

; specimens in the ST 700 to 750 ¢ condition indicated no weasurable change in

‘. strength upon subsequent aging,® the predominant presence of orthorh mbic martns- .

ite in the ST condition and its reversion to beta in the STA condition i+ <cen

to have very little effect on the mechanical propertics. The omega phasce does
not form in this alloy for the heat treat conditions under consideration here.
The presence, if any, oir trace amounts of a" in specimens of 0-1 solurion treated
at 850 C and higher is therefore not expected to materially atffect the rechant o
properties. In fact, howcver, there is no evidence fur the preseice of o
specimens of 60-4 solution treated at and abeve 850 C.
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a. As-Quenched by Guenched and Reverted

Figure 3. Lliciostructures of the Ti-15V-2Al alloy quenched from above the beta transus  Mag. 100X
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ALTERNATIVE EXPLANATION

In Reference 8, it was shown that the density of the 6-4 alloy quenched from
850 C was low. 1t is the lower than normal density of unaged o' rather than the A
DIT of the retained beta phase to which we attribute the LYS. The low density is G
attributed to the incomplete contraction of the lattice during the transformation
of the less dense (bcc) beta to the more dense (hep) o'.?

The rapid increase in density {and hardness) with subscquent aging is attrib-
uted by Fopiano et al.® to the vacancy-assisted decomposition (with an activation
energy of approximately 15 kcal/mol) of the martensitic a'. The LYS also disap-
pears rapidly with aging. By the DIT mechanism, any retained beta present in the
quenched specimen must either decompose or change its composition in much less
than 5 minutes at 538 C (the time to reach maximum density and hardness). This
is highly unlikely by any normal diffusion process.

CONCLUSION

PRy

While it is not uncommon that small amounts of a phasc can bring about large
changes in mechanical properties (consider the often disastrous effects of some
grain boundary precipitates on fracture toughness), this does not secem to be the
casc for the LYS effect in the 6~4 titanium alloy. The lack of direct evidence
of measurable amounts of retained beta, the rapid disappearance of LYS with aging,
the effect of quench rate on hardness, and the negligible effect of a'' on mechan-
ical properties all indicate that the DIT mechanism for the LYS is not acceptable.
The alternative explanation that the LYS is due to the incomplete contraction of
the lattice is more consistent with the experimental observations.
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